1. Introduction {#sec1-ijerph-12-12057}
===============

The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report on Climate Change reported that during the past half-century, almost all regions across the globe experienced warming \[[@B1-ijerph-12-12057]\], with the fastest warming region shown to be the mid-latitudes of the Northern Hemisphere \[[@B2-ijerph-12-12057]\]. The report further showed that global climate change is caused by a combination of both natural and man-made factors. However, human activity is very likely to be the main reason for global warming since the mid-20th century, with a likelihood of more than 95% \[[@B1-ijerph-12-12057]\]. Rising temperatures accelerate global water and carbon cycles, exacerbate extreme hydrological and climatic events and lead to worldwide redistributions of water resources and ecosystems at various scales \[[@B3-ijerph-12-12057]\]. Moreover, ecological conservation and restoration are necessary to mitigate the effects of environmental degradation, and China has contributed significantly to such actions \[[@B4-ijerph-12-12057]\]. Determining exactly how global climate change and ecological conservation affect the eco-environmental balance has been an important research focus for the IPCC, the International Geosphere-Biosphere Program (IGBP), the Future Earth-International Council for Scientific Unions (ICSU) and other international organizations and projects. In China, during the past few decades, the regional climate in the western region has become warmer and wetter \[[@B5-ijerph-12-12057],[@B6-ijerph-12-12057],[@B7-ijerph-12-12057]\], and this trend is likely to continue \[[@B3-ijerph-12-12057],[@B5-ijerph-12-12057]\]. Owing to the contribution from meltwater, the water system in the arid and semi-arid regions of western China is highly fragile in the context of global and regional warming. In addition to the impact on water resources, climate change can influence other aspects of eco-environments, such as land degradation and soil erosion \[[@B8-ijerph-12-12057]\], carbon cycles \[[@B9-ijerph-12-12057]\], vegetation growth and productivity \[[@B10-ijerph-12-12057]\], glaciers, permafrost and snow cover melt \[[@B3-ijerph-12-12057],[@B5-ijerph-12-12057],[@B11-ijerph-12-12057],[@B12-ijerph-12-12057],[@B13-ijerph-12-12057],[@B14-ijerph-12-12057],[@B15-ijerph-12-12057]\].

The Three-Rivers Headwater Region (TRHR) on the Tibetan Plateau, China, is located in the mid-latitudinal regions of Eurasia and is one of the most globally-sensitive areas regarding climate change responses \[[@B3-ijerph-12-12057],[@B16-ijerph-12-12057],[@B17-ijerph-12-12057]\]. Owing to its unique geographical location, rich natural resources and ecological importance, this region serves as a critical natural buffer on the Tibetan Plateau, China \[[@B8-ijerph-12-12057],[@B9-ijerph-12-12057]\]. However, owing to the high altitude and harsh natural conditions, its eco-environment is highly fragile. Recently, this eco-environment has undergone significant changes owing to the impact of climate change and increased human activities. For example, glacial retreat, rising snow lines, grassland degradation and a decline in water conservation capacity pose direct threats to the ecological balance in the TRHR \[[@B8-ijerph-12-12057],[@B9-ijerph-12-12057]\]. In view of this background, the state council promulgated and implemented the Overall Planning of Eco-environment Protection and Construction in TRHR, also known as the TRHR Project, in 2005.

Domestic and international researchers have conducted systematic and in-depth studies at both regional and local scales on eco-environmental changes in the TRHR, including studies on grassland degradation \[[@B8-ijerph-12-12057]\], vegetation cover change \[[@B10-ijerph-12-12057]\], land use and cover change \[[@B17-ijerph-12-12057]\], soil organic carbon \[[@B18-ijerph-12-12057]\] and streamflow regulating functional change \[[@B19-ijerph-12-12057],[@B20-ijerph-12-12057]\]. However, this research has focused on eco-environmental changes after the implementation of ecological projects. In other words, although dynamic monitoring and effectiveness assessments of single and multiple ecological projects have been conducted, few analyses exist that have focused on the causes of eco-environmental change and on how results from regional-scale variations might be understood in the context of larger-scale climate change. In addition, most of the research has focused on recent years, with little information available on eco-environmental changes prior to 2005 and few studies encompassing more than 30 years of data. Several important eco-environmental phenomena in the TRHR, such as soil erosion, sandstorm events and water temperature changes, have not been adequately analyzed and understood. Therefore, there is an urgent need for in-depth investigation on eco-environmental fluctuations and responses to climate change, which will play a crucial role in future sustainable development.

Therefore, the objectives of this study are: (1) to quantitatively assess the eco-environmental changes over the past half-century in the TRHR through observations and model simulations of, for example, water resources, the water environment, soil erosion, sandstorm events, vegetation growth and glacier and snow-cover melting; (2) to investigate the influential factors for eco-environmental changes; and (3) to discuss the policy and practical implications of eco-environmental changes and to provide a reference for eco-environmental policy-making and planning. The results of these analyses will allow an assessment of the following factors: (1) the coexistence of positive and negative eco-environmental impacts in the TRHR due to climate change; (2) the eco-environmental changes in the TRHR most relevant to climate fluctuations; and (3) the heterogeneity of large-scale climatic and eco-environmental change.

2. Data and Methods {#sec2-ijerph-12-12057}
===================

2.1. General Description of the Study Area {#sec2dot1-ijerph-12-12057}
------------------------------------------

The TRHR includes 22 counties and cities, with a total area of 39.5 × 10^4^ km^2^, and includes complex terrain in which mountains form the basic framework of the landscape ([Figure 1](#ijerph-12-12057-f001){ref-type="fig"}). The annual average temperature ranges from −5.6 °C to 7.8 °C; the total rainfall is between 262.2 mm and 772.8 mm; and the annual daylight hours are between 2300 h and 2900 h. The many years' average annual runoff is approximately 500 × 10^8^ m^3^, accounting for 25%, 49% and 15% of that in the Yangtze (YARB), Lancang (LRB) and Yellow (YRB) river basins, respectively. Soil types vary with altitude and consist of alpine cold desert soil, alpine meadow soil, alpine steppe soil, cinnamon soil and forest soil. The alpine meadow soil and meadow soil account for the largest proportion, and the permafrost is highly developed \[[@B21-ijerph-12-12057]\]. The TRHR Project was launched in 2005 and includes 18 nature reserves of 39.5 × 10^4^ km^2^ in total. The total project investment was 75.07 billion RMB, including the return of pasture and farmland to forest, afforestation and comprehensive treatment for soil degradation in black soil beaches. The project known as "Returning Pasture and Farmland to Forest" accounted for the largest proportion of finances (41%) from the TRHR Project. Most projects were completed by 2013, as the budget execution rate reached more than 95%. The TRHR project has achieved remarkable success in eco-environmental development \[[@B21-ijerph-12-12057]\].

![Geographical location, natural conservation area and spatial distribution of meteorological stations in the Three-Rivers Headwater Region (TRHR). YRB, Yellow River Basin; YARB, Yangtze RB; LRB, Lancang RB. WDL, Wudaoliang; TTH, Tuotuohe; ZD, Zaduo; YS, Yushu; NQ, Nangqian; QSH, Qingshuihe; MD, Maduo; DR, Dari; MQ, Maqin; BM, Banma; JZ, Jiuzhi; TD, Tongde; XH, Xinghai; GH, Gonghe; GD, Guide; TR, Tongren; ZK, Zeku; HN, Henan.](ijerph-12-12057-g001){#ijerph-12-12057-f001}

2.2. Data {#sec2dot2-ijerph-12-12057}
---------

The data sources and detailed information on the datasets used in this research can be found in [Table 1](#ijerph-12-12057-t001){ref-type="table"}. Excluding several sites that have significant quantities of missing data, the data used in this study were collected from 19 ground-based meteorological stations in the TRHR and neighboring regions, operated by the China Meteorological Administration (CMA). The spatial distribution of the meteorological stations can be seen in [Figure 1](#ijerph-12-12057-f001){ref-type="fig"}. Complete records for almost all of the climatic factors from 1956 to 2012 were obtained, and cokriging and inverse distance weighted techniques were used to interpolate missing data. The records of sandstorm events during 1954 to 2007 were also collected. Three hydrological sites were chosen within the TRHR and its tributaries, including complete records of streamflow, sediment concentration and water temperature during 1956 to 2012. Landsat Thematic Mapper (TM)/Enhanced Thematic Mapper (ETM) images recorded in 2000 and 2010 were used to extract land cover data for the TRHR. Prior to interpretation, the remote sensing data was geo-referenced using 1:100,000 topographic maps. The land cover types were identified using ArcMap based on the spectral reflectance and structure of objects. The 27 land cover subtypes identified in the study area were further grouped into six aggregated types, including woodland, grassland, farmland, residential areas, water bodies and desert, with a classification accuracy of 95%. The GIMMS NDVI (Global Inventor Modeling and Mapping Studies, Normalized Difference Vegetation Index) data for 1982 to 2006 were used to investigate the vegetation activity changes. To obtain additional time series data, Moderate-Resolution Imaging Spectroradiometer (MODIS) data with a spatial resolution of 0.05° recorded during 2000 to 2012 were collected. In this study, two types of data sources in the overlap period of 2001 to 2006 were collected to maintain the data consistency. The statistical results for the theoretical and actual livestock capacity in the TRHR in 2008 were collected from the Agriculture and Animal Husbandry of Qinghai Province. The rodent area in 2006, based on a field investigation, was collected from grassland monitoring stations in every county included in the study.

ijerph-12-12057-t001_Table 1

###### 

Datasets for climate and eco-environmental change assessments, including data types, dataset names, specific information and sources.

  Data Types                                                                               Dataset Name and Specific Information                                                                                                                                       Source
  ---------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------
  Basic geographic information                                                             The project planning map of second phase of the TRHR Project                                                                                                                Remote Sensing Monitoring Center of Eco-environment in Qinghai Province, China \[[@B22-ijerph-12-12057]\]
  Administrative map (scale: 1:4,000,000)                                                  The National Geomatics Center of China \[[@B23-ijerph-12-12057]\]                                                                                                           
  Digital elevation model (30 m × 30 m)                                                    U.S. Geological Survey \[[@B24-ijerph-12-12057]\]                                                                                                                           
  River and lake system atlas                                                              The National Geomatics Center of China \[[@B23-ijerph-12-12057]\]                                                                                                           
  The social and economic data                                                             Statistical yearbook for 22 counties of TRHR in 2008                                                                                                                        Bureau of Statistics in Qinghai Province, China
  Hydrological and meteorological data                                                     Monthly streamflow data in 3 national standard hydrological stations during 1956 to 2012 (Tangnaihai Station in YRB, Zhimenda Station in YARB and Xiangda Station in LRB)   Bureau of Hydrology and Water Resources Survey in Qinghai Province, China
  Daily meteorological data in 19 national standard weather stations during 1956 to 2012   National Meteorological Data Sharing Service System \[[@B25-ijerph-12-12057]\]                                                                                              
  The records of sandstorm events during 1954 to 2007                                                                                                                                                                                                                  
  Monsoon intensity index during 1956 to 2012                                              National Climate Center \[[@B26-ijerph-12-12057]\]                                                                                                                          
  Remote sensing image                                                                     MODIS NDVI product during 2000 to 2012 (resolution: 1km×1km)                                                                                                                Cold and Arid Regions Science Data Center \[[@B27-ijerph-12-12057]\]
  AVHRR NDVI product during 1982 to 2006 (resolution: 8 km × 8 km)                                                                                                                                                                                                     
  TM and ETM images in 2000 and 2010 (resolution: 30 m × 30 m)                             U.S. Geological Survey \[[@B24-ijerph-12-12057]\]                                                                                                                           
  Soil data                                                                                Soil map (scale: 1:1,000,000)                                                                                                                                               Institute of Soil Science, Chinese Academy of Sciences

2.3. Methods {#sec2dot3-ijerph-12-12057}
------------

### 2.3.1. Framework and Indicators for Eco-Environmental Change Assessments {#sec2dot3dot1-ijerph-12-12057}

To quantitatively assess eco-environmental change in the context of climate change, we established a framework, and several indicators were chosen based on actual observations and model simulations. The eco-environmental changes include water resources, water environment, soil erosion, vegetation growth and glacier and snow-cover melting; the specific indicators and assessment methods can be found in [Table 2](#ijerph-12-12057-t002){ref-type="table"}.

ijerph-12-12057-t002_Table 2

###### 

Framework and indicators for eco-environmental change assessments. NPP, net primary productivity.

  Assessment Projects                              Indicators                    Unit                                  Assessment Method
  ------------------------------------------------ ----------------------------- ------------------------------------- ----------------------------------------------------------------
  Water resources                                  Annual and seasonal flow      m^3^/s                                Observational record
  The ratio of flow in dry season to annual flow   \%                            Observational record                  
  Water environment                                Sediment concentration        kg/m^3^                               Observational record
  Water temperature                                °C                            Observational record                  
  Vegetation growth                                NPP                           kg·C·hm^--2^·a^--1^                   Thornthwaite--Memorial model
  NDVI                                             Dimensionless                 GIMMS NDVI and MODIS NDVI             
  Soil erosion                                     Water erosion amount          t                                     USLE model
  Rainfall erosivity                               MJ·mm·hm^--2^·h^--1^·a^--1^   Half-month rainfall erosivity model   
  Wind erosion amount                              t                             RSWQ model                            
  Frequency and duration of sandstorm event        Times or minute               Observational record                  
  Snow cover and glaciers melting                  Freezing layer height         m                                     [Section 2.3.4](#sec2dot3dot4-ijerph-12-12057){ref-type="sec"}
  \>0 °C annual cumulative temperature             °C                            Observational record                  
  Glacier runoff depth                             mm                            Modified degree-day model             

Note: 'hm^2^' represents hectare, and 'a' is same as year (yr).

### 2.3.2. Trend Analysis with the Mann--Kendall Non-Parametric Test {#sec2dot3dot2-ijerph-12-12057}

In this study, we used the Mann--Kendall test to detect trends in related meteorological and hydrological factors. This test is often used to detect significant trends in time series data \[[@B28-ijerph-12-12057]\].

### 2.3.3. Double Mass Curve {#sec2dot3dot3-ijerph-12-12057}

The double mass curve is a simple and practical observation method widely used in the study of long-term trends in hydro-meteorological data \[[@B29-ijerph-12-12057]\]. This method was first used by Merriam to examine the consistency of precipitation data in the Susquehanna watershed in the United States \[[@B30-ijerph-12-12057]\], and Searcy later reported a theoretical explanation of this technique \[[@B31-ijerph-12-12057]\]. The theory of the double-mass curve is based on the fact that a plot of two cumulative quantities over the same period should show a linear relationship provided the proportionality between the two remains unchanged and the slope of the trend line is proportional. As a result, this method can be used to smooth a time series and to suppress random elements, and it can therefore be used to show the main trends in a time series. In this study, double-mass curves of sediment concentration *versus* streamflow, as well as streamflow *versus* rainfall, were plotted. The appearance of an inflection point in these plots indicates the point at which the relationship between the two parameters begins to change significantly \[[@B29-ijerph-12-12057]\].

### 2.3.4. Estimation of the 0 °C (Freezing) Layer Height {#sec2dot3dot4-ijerph-12-12057}

A linear interpolation method was used to calculate the freezing layer height (FLH) at each time, assuming that the temperatures between the two standard barospheres of 500 hPa and 850 hPa changed uniformly in the vertical direction. Subsequently, the mean of two times (8:00 a.m. and 8:00 p.m.) was calculated to obtain the daily FLH. Finally, daily values from June to August were averaged to obtain the summer FLH. A linear interpolation method was used to calculate the FLH with the following Equation: $$H_{i} = \frac{H_{j} - H_{k}}{T_{j} - T_{k}}\left( {T_{i} - T_{k}} \right) + H_{k},$$ where *H* represents height (m), *T* represents temperature (°C), *i* identifies the FL and *j* and *k* identify the upper and lower standard barospheres of the FL, respectively.

### 2.3.5. Potential Evapotranspiration (*ET*~0~) Estimation with the Penman--Monteith Equation {#sec2dot3dot5-ijerph-12-12057}

Following the recommendation of the Food and Agriculture Organization (FAO), the Penman--Monteith equation was modified to better account for specific local conditions \[[@B32-ijerph-12-12057]\]. In this study, several parameters were calibrated using the observed data for each station in the various regions for the estimation of net radiation (*R*~n~). This research adopts the Penman--Monteith method to estimate the daily *ET*~0~ (mm·d^−1^): $$ET_{0} = \frac{0.408\Delta(R_{n} - G) + r\frac{900}{T + 273}U_{2}(e_{s} - e_{a})}{\Delta + r(1 + 0.34U_{2})},$$ where *ET*~0~ is potential evapotranspiration, *R~n~* is the net radiation at the crop surface (MJ ·m^−2^·d^−1^), MJ represents mega joule, *G* is the soil heat flux density (MJ ·m^−2^·d^−1^), *T* is the air temperature at a height of 2 m (°C), *U*~2~ is the wind speed at a height of 2 m (m·s^−1^), *e*~s~ is the saturation vapor pressure (kPa), *e*~a~ is the actual vapor pressure (kPa), Δ is the slope of the vapor pressure curve (kPa·°C^−1^) and *γ* is the psychrometric constant (kPa·°C^−1^).

### 2.3.6. Climate Productivity Estimation with the Thornthwaite--Memorial Equation {#sec2dot3dot6-ijerph-12-12057}

This research used the concise and practical Thornthwaite--Memorial model, which was developed by Lieth \[[@B33-ijerph-12-12057]\], to estimate climate productivity. By considering the light, temperature and water conditions on dry matter generation, this model effectively characterized the relationship between climate productivity and photosynthesis to clearly demonstrate the impact of climate change on productivity: $$P_{v} = 3000\left( {1 - e^{- 0.000956{({v - 20})}}} \right)$$ $$v = 1.05R/{\lbrack 1 + \left( {1.05R/L} \right)^{2}\rbrack}^{1/2}$$ $$L = 300 + 25t + 0.05t^{3}$$ where *P~v~* is climate productivity (kg·hm^−2^·a^−1^), *v* is annual actual evaporation (mm), *R* is annual rainfall (mm), *L* is annual maximum evaporation (mm) and *t* is annual mean temperature (°C).

### 2.3.7. Glacier Mass Balance and Glacier Runoff Simulations Using a Modified Degree-Day Model {#sec2dot3dot7-ijerph-12-12057}

Glacier mass balance and glacier runoff simulations were conducted in monthly time steps using a degree-day model based on the principals of the original degree-day model, modified to monthly time steps. This degree-day model is based on an assumed relationship between ablation and air temperature, usually expressed in the form of positive temperature sums \[[@B34-ijerph-12-12057],[@B35-ijerph-12-12057]\]: where *DDF* is the degree-day factor, which is different for snow and ice surfaces (mm·d^−1^·°C ^−1^), *A* is the depth of meltwater (mm) and *PDD* is the monthly positive accumulated air temperature, which is given by \[[@B36-ijerph-12-12057]\]: $$PDD = {\sum\limits_{i = 1}^{n}H_{t}} \cdot T_{t}$$ where *T~t~* is the monthly mean air temperature and *H~t~* is a logical variable, which can be defined such that *H~t~* = 1 for *T~t~* ≥ 0 °C and *H~t~* = 0 for *T~t~* \< 0 °C. In our study, *PDD* was calculated based on a function derived from the relationship between *PDD* and the monthly average air temperature in addition to the standard deviation of the observations \[[@B37-ijerph-12-12057],[@B38-ijerph-12-12057]\].

The mean annual mass balance was calculated based on the simulated snow accumulation and the simulated snow and ice melt as follows: where *B~n~* is the annual mass balance (mm) and *P* is the annual snow accumulation (mm). We used a balance year running from 1 October to 30 September the following year.

For the entire basin, the glacier runoff *Q* for a given year is computed as: $$Q = {\sum\limits_{i = 1}^{n}{s\left( i \right)}}\left\lbrack {\left( {1 - f} \right)A\left( i \right) + P_{liq}\left( i \right)} \right\rbrack$$ where *s*(*i*) is the glacier area at the *i*-th elevation band derived from the digital elevation model (DEM) and the digital vector of the glaciers, *f* is the refreezing rate and *P~liq~*(*i*) is the liquid precipitation directly transformed to glacier runoff. Additional details on the calculation steps for the monthly degree-day model are reported in \[[@B39-ijerph-12-12057]\].

### 2.3.8. Water and Wind Erosion Assessment {#sec2dot3dot8-ijerph-12-12057}

We calculated the soil loss in a land parcel using the universal soil loss equation (USLE) and the revised wind erosion equation (RWEQ). The data input includes the geomorphology, climate, vegetation and management practices. The USLE and RWEQ are the most widely-used methods for soil erosion modelling and assessment and were applied to quantify the annual soil loss. The soil erosion amount calculated by the USLE can be mathematically expressed as: where *E* is the amount of soil erosion (t·ha^−1^·yr^−1^); *R*, *K*, *L* and *S* represent the rainfall erosivity (MJ·mm·ha^−1^·h^−1^·yr^−1^), soil erodibility (t·ha·h·ha^−1^·MJ^−1^·mm^−1^), slope length and slope angle factors, respectively; and *C~v~* and *P~v~* refer to the current vegetation cover and erosion control factors, respectively. *L*, *S*, *C~v~* and *P~v~* are dimensionless factors.

For some key parameters, the soil erosive factor *K* was calculated using the erosion/productivity impact calculator (EPIC) model based on the soil texture \[[@B40-ijerph-12-12057]\]. The principle behind this model states that the rainfall erosivity factor *R* equals the kinetic energy of rainfall *E* times the maximum rain intensity observed in a 30-min period (cm·h^−1^) *I*~30~, which requires unavailable data. Therefore, we customized the calculation of the *R* factor for a Chinese context by using the half-month precipitation erosivity \[[@B41-ijerph-12-12057]\], which is a parameter embedded in the Chinese soil loss equation \[[@B42-ijerph-12-12057]\].

To include full consideration of factors, such as climate, vegetation, surface roughness, soil erodibility and soil crust, the RWEQ model was used to evaluate the amount of wind erosion \[[@B43-ijerph-12-12057]\]: where *Q* is the transport capacity of sediment (kg·m^−1^) per unit length, *W* is the climate factor (m·s^−1^), *K* is the soil erodibility component, *S* is the soil crust factor, *R* is the soil roughness factor and *C* is the vegetation factor, including green and withered vegetation. *K*, *S*, *R* and *C* are dimensionless factors.

3. Climate Change in the TRHR {#sec3-ijerph-12-12057}
=============================

3.1. Sharp Temperature and Precipitation Increases in the TRHR {#sec3dot1-ijerph-12-12057}
--------------------------------------------------------------

### 3.1.1. Average Temperature Increase above the Global Average {#sec3dot1dot1-ijerph-12-12057}

During the past half century, the maximum rate of temperature increase in the TRHR was 0.31 °C/10 a ([Figure 2](#ijerph-12-12057-f002){ref-type="fig"}a), which is significantly higher than the global average of 0.12 °C/10 a \[[@B1-ijerph-12-12057]\]. Our analysis showed that a significant temperature rise occurred during the early 1990s; during 1956 to 1990, the average temperature increased to a lesser extent. In 1990, the average annual temperature showed an abrupt change, and the elevated rate of 0.68 °C/10 a indicated an accelerating trend. A statistical analysis of 19 sites in the TRHR demonstrated that in the 1990s, 92% of the stations observed an increasing temperature trend. In the 21st century, 100% of the stations showed an increasing temperature trend with individual temperatures higher than in the 1990s.

Increases in winter temperatures occurred in the TRHR during the past 57 years at a rate of 0.53 °C/10 a. Specifically, the differences in seasonal temperatures showed that winter average temperatures contributed 35.10% to the annual temperature increase rate; therefore, substantially higher winter temperatures may be an important factor in the increased average annual temperature.

### 3.1.2. Dynamic Increase in Precipitation {#sec3dot1dot2-ijerph-12-12057}

During the past half century, precipitation in the TRHR exhibited increases similar to those observed for temperature ([Figure 2](#ijerph-12-12057-f002){ref-type="fig"}b). During 1956 to 1990, precipitation levels remained relatively stable, although precipitation showed a sharp increase in 1990. Approximately 80% of the stations showed increasing trends in 1970, followed by a decrease of 75% in the 1980s and an increase of 82% in the 1990s for the entire TRHR. 2000 to 2012 was the most humid period of the past half century. It is worth mentioning that during the last 12 years, the increases in precipitation were enhanced; about 95% of the stations showed higher increases than those recorded in the 1990s.

3.2. Other Meteorological Factors {#sec3dot2-ijerph-12-12057}
---------------------------------

The yearly mean wind speed and annual sunshine hours presented slightly decreasing trends, particularly in the 21st century ([Figure 2](#ijerph-12-12057-f002){ref-type="fig"}c,d). The largest negative anomaly occurred during 2000 to 2012 ([Table 3](#ijerph-12-12057-t003){ref-type="table"}). *ET*~0~ presented an increasing trend similar to that observed for temperature ([Figure 2](#ijerph-12-12057-f002){ref-type="fig"}e). The largest positive anomaly was seen in the 21st century, followed by that in the 1970s ([Table 1](#ijerph-12-12057-t001){ref-type="table"}). The humidity index ([Figure 2](#ijerph-12-12057-f002){ref-type="fig"}f) remained stable before 2000, then sharply increased at a rate of 0.11/10 a.

![Temporal variations in meteorological factors in the TRHR during 1956 to 2012 including (**a**) precipitation, (**b**) temperature, (**c**) wind speed, (**d**) sunshine hours, (**e**) potential evapotranspiration and (**f**) humidity index.](ijerph-12-12057-g002){#ijerph-12-12057-f002}

ijerph-12-12057-t003_Table 3

###### 

Decadal average anomalies for meteorological factors.

  Decade       Temperature (°C)   Rainfall (mm)   Wind speed (m/s)   Sunshine hours (h)   *ET*~0~ (mm)   Humidity Index
  ------------ ------------------ --------------- ------------------ -------------------- -------------- ----------------
  1960s        −0.40              −10.82          −0.15              −66.53               −28.98         0.004
  1970s        −0.23              −3.31           0.32               62.24                18.26          −0.02
  1980s        −0.21              23.28           0.09               110.36               4.80           0.02
  1990s        0.09               −15.22          −0.08              58.89                3.52           −0.02
  2000--2012   0.87               23.98           −0.19              −108.69              27.51          0.01

4. The Eco-Environmental Impact of Climate Change {#sec4-ijerph-12-12057}
=================================================

4.1. Hydrological Impact {#sec4dot1-ijerph-12-12057}
------------------------

### 4.1.1. Interannual Variability of Streamflow {#sec4dot1dot1-ijerph-12-12057}

The TRHR streamflow showed an increasing trend during 1956 to 2012 ([Figure 3](#ijerph-12-12057-f003){ref-type="fig"}a), particularly within the past 10 years. Since the implementation of the TRHR project (2005 to 2012), the annual mean streamflow values in the YARB, YRB and LRB were 170.03 × 10^8^ m^3^, 215.2 × 10^8^ m^3^ and 47.73 × 10^8^ m^3^, respectively, 39.3%, 5.2% and 9.7% higher, respectively, than the mean levels between 1956 and 2012. The flow during the spring and summer flood seasons also increased significantly, which is consistent with the annual streamflow data ([Figure 3](#ijerph-12-12057-f003){ref-type="fig"}b,c). During the dry season, increases in the ratio of streamflow to annual flow in the YARB, YRB and LRB were, respectively, 1.1%, 1.0% and 1.1% higher than the long-term mean levels, indicating that the streamflow regulation function of the ecosystem was enhanced.

![Interannual variations of streamflow (**a**) on an annual scale, (**b**) in the spring and (**c**) summer flood seasons and (**d**) in the dry season in the TRHR from 1956 to 2012.](ijerph-12-12057-g003){#ijerph-12-12057-f003}

### 4.1.2. Consistent Relationship for Runoff *vs*. Rainfall and Runoff *vs*. Monsoon {#sec4dot1dot2-ijerph-12-12057}

The relationship between cumulative annual rainfall and runoff depth ([Figure 4](#ijerph-12-12057-f004){ref-type="fig"}) demonstrated that in all three basins (LRB, YRB and YARB), rainfall and runoff were highly uniform during 1956 to 2012, with no change-point detected to reflect the effect of evaporation and anthropogenic activity on runoff. Runoff was mainly influenced by natural rainfall.

![Double mass curves for cumulative rainfall and cumulative runoff depth at the (**a**) Tangnaihai, (**b**) Zhimenda and (**c**) Xiangda stations of the Yellow (YRB), Yangtze (YARB) and Lancang (LRB) river basins, respectively.](ijerph-12-12057-g004){#ijerph-12-12057-f004}

The ebb and flow of the monsoons determines the start and end of the rainy season, and the strength of the monsoon affects the amount of rainfall. The TRHR is located in the hinterland of the Tibetan Plateau and is directly affected by the monsoon on the Tibetan Plateau itself. However, as the area is located in a zone between prevailing westerlies and the East Asian summer monsoon, runoff in the region is influenced by the combined action of a number of monsoons. Cumulative anomaly curves of runoff *vs*. the monsoon intensity index were drawn to explore this relationship ([Figure 5](#ijerph-12-12057-f005){ref-type="fig"}). Runoff in the YRB (Tangnaihai) correlated positively with the East Asian monsoon index (EAMI) and negatively with the westerly index (WI). In years with a strong East Asian monsoon, runoff was high, but in years with strong westerlies, runoff was very low. It is worth noting that the correlation coefficient between runoff and the EAMI was low. We suggest that this is because runoff is affected by a variety of monsoon systems and so lacks direct correspondence to a specific index. In the YARB, the Tibetan Plateau monsoon and the East Asian monsoon play leading roles, resulting in correspondingly high correlation coefficients. This is particularly relevant for the Tibetan Plateau monsoon index (TPMI), which has a correlation coefficient with runoff of 0.39 (*p* \< 0.01). The situation in the LRB was similar to that in the YRB, in that runoff was jointly controlled by the East Asian monsoon and westerlies; however, runoff in the LRB gave a higher correlation coefficient than in the YRB.

![Cumulative anomaly curves of runoff *vs*. the monsoon intensity index in the TRHR. (**a**) and (**b**) are for the YRB, (**c**) and (**d**) are for the YARB, (**e**) and (**f**) are for the LRB. EAMI, WI and TPMI represent the East Asian monsoon index, the westerly index and the Tibetan Plateau monsoon index, respectively. R and *p* represent the correlation coefficient and significance level, respectively.](ijerph-12-12057-g005){#ijerph-12-12057-f005}

4.2. Water Environment Impact {#sec4dot2-ijerph-12-12057}
-----------------------------

### 4.2.1. Sediment Concentration Changes {#sec4dot2dot1-ijerph-12-12057}

To quantify the relationship between sediment concentration and streamflow, a double mass curve was plotted. [Figure 6](#ijerph-12-12057-f006){ref-type="fig"} shows that the streamflow and sediment concentration for the three stations in the TRHR were closely correlated. The double mass curves were almost straight lines, particularly in the LRB and YARB at Xiangda and Zhimenda stations, respectively. Generally, when human activities significantly affect the surfaces that provide the sediment yield, the curve shows an inflection point. Therefore, the linear relationship between sediment and streamflow shown in the figure indicates that human activities had a negligible effect in the TRHR; the sediment concentration observed at hydrological stations was essentially caused by natural precipitation and streamflow.

![Double mass curve plots of cumulative sediment concentration and cumulative streamflow at the (**a**) Tangnaihai, (**b**) Zhimenda and (**c**) Xiangda stations of the Yellow (YRB), Yangtze (YARB) and Lancang (LRB) river basins, respectively.](ijerph-12-12057-g006){#ijerph-12-12057-f006}

### 4.2.2. Water Temperature Change {#sec4dot2dot2-ijerph-12-12057}

From 1958 to 2007, the water temperature anomaly in the Tangnaihai and Batang stations of the YRB and YARB increased significantly at rates of 0.15 °C/10 a (*p* \< 0.001) and 0.16 °C/10 a (*p* \< 0.001), respectively ([Figure 7](#ijerph-12-12057-f007){ref-type="fig"}). The anomaly at Tangnaihai station varied between −0.96 °C in 1963 and 0.75 °C in 2005, with a range of about 1.71 °C. The anomaly at Batang station varied between −0.76 °C in 1965 and 1.91 °C in 1993, with a range of about 2.67 °C. The water temperature correlated positively with air temperature at these two stations, with respective correlation coefficients of 0.85 and 0.87. Solar radiation provides the heat source for first air and then water; therefore, the water temperature change lags behind that of air on a daily scale. On an annual scale, however, water and air temperature changes are consistent. Owing to the regional warming trend over the last half-century, the water temperature also exhibited a warming trend.

![Temporal variations in water temperature anomalies at (**a**) Tangnaihai and (**b**) Batang stations in the Yellow (YRB) and Yangtze (YARB) river basins.](ijerph-12-12057-g007){#ijerph-12-12057-f007}

4.3. Response of Vegetation Growth to Climate Change {#sec4dot3-ijerph-12-12057}
----------------------------------------------------

Owing to the TRHR warming and wetting trends, which provide sufficient water and heat for vegetation growth, the net primary productivity (NPP) showed a significant increasing trend during 1956 to 2012, with a slope of 13.53 kg C/(hm^2^ a) (*p* \< 0.001) ([Figure 8](#ijerph-12-12057-f008){ref-type="fig"}a). Regarding the spatial distribution, the NPP increased from southeastern to northwestern areas of the TRHR, with NPPs in the southern YAR and LRB obviously higher than those in the northwestern YARB. From 1956 to 2012, the regions with the most rapid increases in NPP were the southern YRB and LRB. The NDVI in 1982 to 2012, derived from GIMMS and MODIS products, also presented a significant increasing trend with a slope of 0.0025/a (*p* \< 0.001) and was closely correlated with NPP and rainfall, as shown in [Figure 8](#ijerph-12-12057-f008){ref-type="fig"}b (the correlation coefficient is 0.36 (*p* \< 0.01)).

![Temporal variations in (**a**) net primary productivity (NPP) from 1956 to 2012 and (**b**) the normalized difference vegetation index (NDVI) from 1982 to 2012 in the TRHR.](ijerph-12-12057-g008){#ijerph-12-12057-f008}

4.4. Impact of Climate Change on Soil Erosion {#sec4dot4-ijerph-12-12057}
---------------------------------------------

### 4.4.1. Changes in Rainfall Erosivity and Water Erosion Amounts {#sec4dot4dot1-ijerph-12-12057}

From 1956 to 2012, the rainfall erosivity in the TRHR presented a significant increasing trend with a slope of 7.48 MJ mm/(hm^2^ h a) (*p* \< 0.01), which closely matches the rainfall variability ([Figure 9](#ijerph-12-12057-f009){ref-type="fig"}a). The water erosion amount calculated using the USLE model showed similar changes to those observed for rainfall erosivity from 2000 to 2012. A comparison of the water erosion amount in 2000 with that in 2012 revealed a slight increase; however, the erosion per unit area clearly increased from 500 to 2500 t/km^2^ ([Figure 9](#ijerph-12-12057-f009){ref-type="fig"}b). Within the various basins ([Figure 9](#ijerph-12-12057-f009){ref-type="fig"}b), the erosion amounts in the YRB and the northwest inland river basin clearly increased, as did the amounts in several individual YARB sections; however, the amounts in other sections decreased, as did the LRB erosion intensity.

![(**a**) Temporal variations in rainfall erosivity during 1956 to 2012 and in water erosion amounts during 2000 to 2012; (**b**) spatial changes in water erosion amounts in the TRHR between 2000 and 2012.](ijerph-12-12057-g009){#ijerph-12-12057-f009}

### 4.4.2. Changes in Wind Erosion Amounts and Sandstorm Event Frequency {#sec4dot4dot2-ijerph-12-12057}

Wind is the main driving force for wind erosion. Wind speeds during 1956 to 2012 presented a significant declining trend with a slope of −0.06 m/(s a) (*p* \< 0.05), which reduced the erosion force in the same period. Therefore, the wind erosion amounts from 2000 to 2012 presented a trend matching the wind speed trend ([Figure 10](#ijerph-12-12057-f010){ref-type="fig"}a). A comparison of the wind erosion amount in 2000 to that in 2012 revealed a slight decrease for most areas of the TRHR ([Figure 10](#ijerph-12-12057-f010){ref-type="fig"}b). In the various basins ([Figure 10](#ijerph-12-12057-f010){ref-type="fig"}b), the erosion amount in the northeastern YRB increased and the erosion intensity of the LRB was reduced. Some individual sections of the YARB showed increases in the erosion amounts, although others showed decreases.

![(**a**) Temporal variations in wind speeds during 1956 to 2012 and in wind erosion amounts during 2000 to 2012; (**b**) spatial changes in wind erosion amounts in the TRHR between 2000 and 2012.](ijerph-12-12057-g010){#ijerph-12-12057-f010}

The annual and seasonal mean wind speed in the TRHR showed a significant downward trend ([Figure 2](#ijerph-12-12057-f002){ref-type="fig"}c). The annual average wind speed declined at the rate of −0.06 m/s·10a (*p* \< 0.05), and the wind speed declined in winter and spring at the faster rate of −0.07 m/s·10a (*p* \< 0.05). Wind was the main external force behind wind erosion and was generally accompanied by dust events. The number and duration of dust events declined during 1954 to 2007, particularly after the mid-1980s ([Figure 11](#ijerph-12-12057-f011){ref-type="fig"}a,b).

![Temporal variations in (**a**) sandstorm frequency and (**b**) sandstorm duration during 1956 to 2012.](ijerph-12-12057-g011){#ijerph-12-12057-f011}

4.5. Impact of Climate Change on Snow Cover and Glaciers {#sec4dot5-ijerph-12-12057}
--------------------------------------------------------

Because observational data on glaciers and snow cover in the TRHR is generally lacking, this research used the \>0 °C annual cumulative temperature and summer freezing layer height (FLH) to reflect the climatic environment under which glaciers and snow cover melt. The FLH is closely related to the snow line \[[@B44-ijerph-12-12057],[@B45-ijerph-12-12057],[@B46-ijerph-12-12057],[@B47-ijerph-12-12057]\], and the \>0 °C annual cumulative temperature reflects the temperature conditions required for snow cover melting. It should be noted that no sounding stations are located within the TRHR; therefore, stations in the surrounding area were used for this analysis ([Figure 11](#ijerph-12-12057-f011){ref-type="fig"}). [Figure 12](#ijerph-12-12057-f012){ref-type="fig"}a shows that the FLH increased from 4681.1 m in 1983 to 5153.1 m in 2011, with an average rate of increase of 16.28 m/a (*p* \< 0.001). [Figure 12](#ijerph-12-12057-f012){ref-type="fig"}b illustrates that the \>0 °C cumulative temperature in each basin exhibited significant increasing trends (*p* \< 0.001) in the following order: YRB (9.22 °C/a) \> TRHR (7.30 °C/a) \> YARB (6.62 °C/a) \> LRB (6.06 °C/a).

With the intensification of global warming, glacier recession and increases in the snow line elevation have affected runoff \[[@B44-ijerph-12-12057],[@B45-ijerph-12-12057]\]; the rate of glacier recession during the last 30 years is 10-times greater than that recorded during the past 300 years \[[@B3-ijerph-12-12057],[@B11-ijerph-12-12057]\]. The degree-day model estimated the glacier runoff change during 1961 to 2012, as shown in [Figure 13](#ijerph-12-12057-f013){ref-type="fig"}a. The glacier runoff presented an obvious increasing trend, with the highest value appearing in the 2000s. The glacier mass balance change, shown in [Figure 13](#ijerph-12-12057-f013){ref-type="fig"}b, indicates increasingly large losses since the 1960s. Particularly, during 2000 to 2012, the mass loss was about 549.0 mm in the YARB, 370.5 mm in the YRB and 540.8 mm in the LRB. The differences in the responses of glacier melting to climate change are attributed predominantly to glacier size and the distribution of climate conditions. Furthermore, under the conditions of rapid regional warming, a huge amount of water is released by melting glaciers, as shown in [Table 4](#ijerph-12-12057-t004){ref-type="table"}. The contribution rates of glacier runoff to total runoff, during 1960 to 2012, were 6.7% in the LRB, 1.6% in the YRB and 11.7% in YARB. Similar results have been reported in previous research \[[@B45-ijerph-12-12057],[@B46-ijerph-12-12057],[@B47-ijerph-12-12057]\].

![The (**a**) freezing layer height (FLH) and (**b**) \>0 °C annual cumulative temperature change in the TRHR during 1956 to 2012.](ijerph-12-12057-g012){#ijerph-12-12057-f012}

![Changes in decadal mean (**a**) glacier runoff depth and (**b**) glacier mass balance in the TRHR during 1960 to 2012.](ijerph-12-12057-g013){#ijerph-12-12057-f013}

ijerph-12-12057-t004_Table 4

###### 

Estimated glacier runoff since 1960 in the TRHR and its contribution to total runoff.

  River System                                            Glacier Area (km^2^)   Total Runoff (10^8^ m^3^)   Glacier Runoff (10^8^ m^3^)   GR/TR (%)   GR/TR (%) \[[@B46-ijerph-12-12057]\]   GR/TR (%) \[[@B45-ijerph-12-12057]\]   GR/TR (%) \[[@B47-ijerph-12-12057]\]
  ------------------------------------------------------- ---------------------- --------------------------- ----------------------------- ----------- -------------------------------------- -------------------------------------- --------------------------------------
  LRB                                                     316.32                 110.5                       7.4                           6.7         5.4                                    6.6                                    4.0
  YRB                                                     172.41                 245.0                       3.9                           1.6         1.9                                    1.3                                    0.8
  YARB                                                    1895.00                215.3                       25.2                          11.7        18.8                                   18.5                                   8.8
  GR/TR is the ratio of glacier runoff to total runoff.                                                                                                                                                                              

5. Discussion {#sec5-ijerph-12-12057}
=============

5.1. Insufficient Explanation for the Plateau Climate Change Mechanism {#sec5dot1-ijerph-12-12057}
----------------------------------------------------------------------

Climate change in the TRHR on the Tibetan Plateau is certainly complex. It is difficult to accurately reveal the processes behind the changes and trends from short-term individual results alone. Many domestic and international studies have focused mainly on the analysis of climate characteristics over various time scales at a regional scale \[[@B3-ijerph-12-12057],[@B5-ijerph-12-12057],[@B11-ijerph-12-12057],[@B48-ijerph-12-12057]\]. However, such studies are mostly qualitative and lack quantitative data. In particular, none elucidate historical centennial-scale climate variations or the manner in which the mechanisms of climate change affect the water cycle and eco-environment. Specifically, few emphasize the required improvements in understanding the evolution and interaction of climate systems at different temporal scales.

5.2. Non-Climate Factors Driving Eco-Environmental Change Acceleration {#sec5dot2-ijerph-12-12057}
----------------------------------------------------------------------

In addition to climate change, non-climate factors can also drive eco-environmental changes by altering land surface processes, in particular land use and land coverage changes. The most serious issue in the TRHR, which poses a threat to the eco-environment, is grassland degradation induced by overgrazing and rodents. As shown in [Figure 14](#ijerph-12-12057-f014){ref-type="fig"}a, the theoretical livestock capacity in the TRHR in 2008 ranged from 22.9 × 10^4^ sheep units in Tongde County to 371.2 × 10^4^ sheep units in Zhiduo County, with a mean value of 85.4 × 10^4^ sheep units. The actual livestock capacity ranged from 32.0 × 10^4^ sheep units in Maduo County to 194.0 × 10^4^ sheep units in Xinghai County, with a mean value of 105.6 × 10^4^ sheep units. Livestock overload is very common in the TRHR; the largest livestock overload capacity occurs in Xinghai County at 142.2 × 10^4^ sheep units. Only Dari, Tanggulashan, Zaduo, Maduo, Qumalai and Zhiduo counties show actual livestock capacities that are smaller than their theoretical values. Overgrazing can induce grassland degradation by influencing soil properties \[[@B49-ijerph-12-12057],[@B50-ijerph-12-12057]\]. By affecting the species composition of the vegetation community and the community coverage and biomass, overgrazing indirectly affects the water cycle and the accumulation of organic matter in the soil. Additionally, livestock trampling, feeding and excrement directly affect the structure and chemical properties of the soil \[[@B18-ijerph-12-12057],[@B49-ijerph-12-12057]\]. Biomass reduction of the vegetation community can directly affect the absorbance of soil water and nutrients by vegetation, resulting in a reduction in organic matter production and surface litter accumulation. The amount of organic matter returned to the soil would be reduced, loosening the soil structure, decreasing the resistance to erosion and increasing the possibility of soil erosion.

With regard to the rodent population, in 2006, the rodent area in the TRHR ([Figure 14](#ijerph-12-12057-f014){ref-type="fig"}b) was highest in Maduo County, with an area of 142.5 × 10^4^ ha; the smallest rodent area was in Banma County at 8.3 × 10^4^ ha. Rodents may cause severe grassland degradation, which poses a serious threat to the eco-environment.

![Statistical results for (**a**) livestock capacity in 2008 and (**b**) rodent area in 2006 in the TRHR.](ijerph-12-12057-g014){#ijerph-12-12057-f014}

5.3. Uncertainties in the Eco-Environmental Impact of Climate Change and the Interaction between Factors {#sec5dot3-ijerph-12-12057}
--------------------------------------------------------------------------------------------------------

Improvements in the water and heat conditions and the promotion of ecological engineering have improved vegetation growth, and productivity has increased significantly. Although vegetation activity has increased, the soil's anti-erosion ability had seen no obvious improvements, because the increased rainfall erosivity has led to increased soil erosion. These results are similar to the results given in Shao *et al*. \[[@B21-ijerph-12-12057]\]. In terms of water resources, glaciers and snow cover melting due to the rise in temperatures resulted in an increase in water and improved water production ability. However, the increase in streamflow caused by glacier and snow melting is not sustainable, and this negative effect threatens water conservation in the TRHR \[[@B44-ijerph-12-12057],[@B45-ijerph-12-12057],[@B46-ijerph-12-12057]\].

Eco-environmental indicators are closely linked, being characterized by trade-offs and synergies across spatio-temporal scales. Eco-environmental indicators are interrelated because of (1) the effects of common drivers or (2) the interactions among multiple indicators. In our research ([Figure 6](#ijerph-12-12057-f006){ref-type="fig"} and [Figure 9](#ijerph-12-12057-f009){ref-type="fig"}a), the sediment concentration and water erosion amounts were strongly correlated, possibly due to common hydrological processes and precipitation drivers. Our research showed positive relationships between the NPP and NDVI for the TRHR in 1982 to 2012 (*p* \< 0.001), indicating a synergy between the two indicators.

Some uncertainties exist in our assessment of eco-environmental changes, in particular for soil erosion. The estimation of the water erosion involved the application of the USLE combined with remote sensing. The USLE is based on a statistical relationship established from a large number of plot-scale rainfall-erosion experiments \[[@B50-ijerph-12-12057],[@B51-ijerph-12-12057]\], involving estimates of rill and inter-rill soil detachments on hill slopes from rainfall, soil and soil cover parameters and management factors \[[@B52-ijerph-12-12057]\]. Therefore, the USLE is suitable for estimating the effect of hill slope vegetation rehabilitation on soil erosion. However, this effect may have been overestimated in this research, owing to the omission of local sediment deposition effects.

6. Conclusion and Implications {#sec6-ijerph-12-12057}
==============================

The results of this study are summarized in the following points:

\(1\) In the TRHR, temperature and precipitation experienced sharp increases during the past 57 years. The precipitation trend changed in 1990 and has since been in a state of high volatility. The rate of the temperature increase, initially observed in 1990, has remained highly volatile and has accelerated. The dramatic rise in winter temperatures is an important reason for the increase in the average annual temperature.

\(2\) During the past 57 years, annual runoff in the LRB and YARB showed increasing trends, whereas the trend in the YRB declined slightly. Runoff is mainly influenced by rainfall, which is jointly controlled by several monsoon systems. The water temperature anomalies at Tangnaihai station in the YRB and at Batang station in the YARB increased significantly (*p* \< 0.001) during 1958 to 2007, driven by air temperature changes.

\(3\) Owing to warming and wetting trends in the TRHR, which provide sufficient water and heat for vegetation growth, the NPP during 1956 to 2012 and the NDVI during 1982 to 2012 showed significant increasing trends with slopes of 13.53 kg C/(hm^2^ a) (*p* \< 0.001) and 0.0025/a (*p* \< 0.001), respectively.

\(4\) During 1956 to 2012, the rainfall erosivity presented a significant increasing trend (*p* \< 0.01). The water erosion amount increased in 2000 to 2012, as did the erosion per unit area (500 to 2500 t/km^2^, an increase of about 10%). The wind speed saw a significant declining trend (*p* \< 0.05), which caused wind erosion to decline and reduced the frequency and duration of sandstorm events.

\(5\) During 1956 to 2012, the \>0 °C annual cumulative temperature and summer FLH increased significantly, showing slopes of 16.28 m/a and 7.30 °C/a (*p* \< 0.001), respectively. The glacier runoff therefore presented an obvious increasing trend, with the highest value appearing in the 2000s. The contributions of the glacier runoff to the total runoff were 6.7% in the LRB, 1.6% in the YRB and 11.7% in the YARB.

Considering the climate variability and vulnerability in the TRHR eco-environment, this region is of great significance for investigating the regional eco-environment under the conditions of climate change. The hydrological cycle in this region has particular importance. Thus, adequate planning is necessary, as is active response and adaptation to the possible effects of future climate change, particularly the effects on water resources, to ensure sustainable development and ecological safety for the TRHR. Moreover, the current ecological restoration is the joint effect of ecological engineering and climate fluctuations, but it is a purely local and temporary restoration, not an overall or a fundamental improvement. In order to secure informed policy-making in the layout, development, utilization, protection and management of natural resources in a reasonable and sustainable way, environment managers should pay particular attention to the eco-environmental changes caused by climate change.
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